The cochlear nucleus, the first central auditory structure, performs initial stimulus 27 processing and segregation of information into parallel ascending pathways. It also 28 receives non-auditory inputs. Here we show in vivo that responses of dorsal cochlear 29 nucleus (DCN) principal neurons to sounds can change significantly depending on the 30 presence or absence of inputs from the somatosensory dorsal column nucleus occurring 31 before the onset of auditory stimuli. The effects range from short-term suppression of 32 spikes lasting a few ms at the onset of the stimulus to long-term increases or decreases in 33 spike rate that last throughout the duration of an acoustic stimulus (up to several hundred 34 ms). The long-term effect requires only a single electrical stimulus pulse to initiate and 35 seems to be similar to persistent activity reported in other parts of the brain. Among the 36 DCN's inhibitory interneurons, only the cartwheel cells show a long-term rate decrease 37 that could account for the rate increases (but not the decreases) of DCN principal cells. 38
Introduction 43
The cochlear nucleus is the entry site of auditory information into the brain (Osen 44 1969) . In addition to primary auditory afferents from the inner ear, its dorsal division 45 (DCN) receives non-auditory inputs from a variety of sources (reviewed by ( , we focused on that projection. We show two effects, a short-70 term direct inhibition lasting only slightly beyond the stimulus-evoked IPSP and a long-71 term excitation or inhibition that can last for over 100 ms. These results indicate that the 72 history of somatosensory activity can alter the responses to subsequent auditory stimuli. 73
Preliminary results from this work were presented in abstract form ( The acoustic stimulus was a 100-400 ms tone burst at the best frequency (BF) of 95 the neuron, presented once per second usually at a sound level 5-15 dB above threshold, 96 with repetitions at higher sound levels when possible. The electrical stimulus was a single 97 bipolar pulse 200 μs/phase in the DCoN; the current level was adjusted to produce an 98 inhibitory effect in DCN and was typically 10-50 μA. The electrical stimulus preceded 99 the onset of sound by a time period dt, usually 10-50 ms. When possible, data were taken 100 over a range of sound levels and dt values. Trials with and without the electrical stimulus 101 were presented in groups of 100 repetitions. Usually the 100-stimulus sets were repeated 102 2-4 times for a total of several hundred trials of each type. In some cases the sets of 100 103 alternated (100 no-shock, 100 with shock, etc.) but in other cases only one no-shock 104 block of trials was presented as the first block. In later experiments, shock and no-shock 105 trials were interleaved on alternate stimulus presentations. Overall, electrical stimulation increased the first spike latency dramatically in the 162 two ways described above, by extending the latency of the first spike in tonic responses 163 and by delaying or eliminating the first spike in pauser responses. These effects were 164 visible at intervals of up to 50 ms between DCoN stimulation and tone onset, but were 165 progressively weaker as delay dt increased (Fig. 2) . 166
Long-term effects of stimulation in DCoN 167
While most neurons showed the short-term (<5 ms) changes described above, 168 about 30% of the neurons (18/55) also exhibited a persistent change in the auditory 169 evoked discharge pattern through the duration of a tone burst ( to -61%, as in Fig. 3C ). 178
The spontaneous firing rate of the neurons immediately after tone offset was 179 sometimes changed slightly (as in Fig. 3A ), but did not change in steady state; the rates 180 marked "spont" in The second effect is a more long-lasting change in firing rate for the duration of a 248 succeeding sound stimulus (Figs. 3, 5 ). The change may be either an increase or a 249 decrease and is observed as long as the sound is left on (a few hundred ms); however 250 there is little or no effect on the spontaneous activity following the sound. Although the 251 recovery of the rate change was not tracked here (stimuli were 100-400 ms in duration), 252 the demonstration of the phenomenon with interleaved stimuli (Fig. 3C ) and the fact that 253 the rate change doesn't cumulate over multiple stimulus presentations (Fig. 4) effects. This lack of connection is consistent with the suggestion that the short-term effect 260 is caused by de-inactivation of the K IF current, because that current does not have time 261 constants nearly long enough to cause the long-term effect (Kanold and Manis 1999). 262
The long-term effects reported previously by Shore (2005) In vestibular nucleus, so-called "firing rate potentiation" increases the excitability 300 of the cells by downmodulating potassium channels, thus increasing the response gain for 301 stimuli without necessarily changing spontaneous activity, as observed here (Nelson et al. 302 2003; Smith et al. 2002) . Firing rate potentiation, like LTP and LTD, has been induced by 303 tetanic stimulation, on the order of tens of stimuli, as opposed to the single stimulus 304 required here. Nevertheless firing rate potentiation is a possible mechanism, if it would 305 produce short-term changes when stimulated by only one pulse. 306
Our data can also be explained by a network mechanism. There are several 307 possibilities for network effects in the DCN. The axons of pyramidal cells form recurrent 308 excitatory projections that could support persistent activity (Smith and Rhode 1985) . 309
However, it is likely that both spontaneous and sound-driven responses would be 310 affected, making recurrent circuits a less-attractive explanation. Another possibility is a 311 modulation of the inhibitory inputs to the principal neuron under study. Such a 312 mechanism is attractive because the known inhibitory interneurons in DCN have little or 313 Golding and Oertel 1997) and the receptor channels in the synapses have been reported to 331 be conditionally excitatory or inhibitory, depending on the membrane potential of the cell 332 relative to the chloride equilibrium potential (Golding and Oertel 1996; Kim and Trussell 333 2009). Thus the cartwheel network could conceivably maintain a slightly elevated or a 334 slightly depressed discharge rate in response to a pulse of spikes from a somatosensory 335 input, depending on the preexisting membrane potentials of the cells. This rate change 336 could produce long-term rate modification in principal cells like that seen here. However 337 this possibility still requires a mechanism to terminate the altered cartwheel rate at the 338 end of a tone burst. This might be provided by events associated with the termination of 339 the acoustic stimulus, such as a loss of the acoustically driven inputs or an off response. 340 These or similar effects could change the state of the postulated cartwheel network. These 341 multiple possibilities require further study to work out the mechanism for persistence in 342 DCN neurons. 343 344
Conclusions and implications 345
These results show that the auditory evoked discharge pattern relayed to higher 346 centers is modulated by non-auditory inputs occurring immediately before the acoustic 347 stimulus. Thus the auditory evoked firing pattern is dependent on non-auditory context. more artificial conditions in vitro (e.g. (Nelson et al. 2003) . It is important to determine 354 whether the long-term effects are a relatively fixed system that provides signals to the 355 auditory system about non-auditory events or a plastic system that learns associations 356 between auditory and non-auditory events, as in the fish electrosensory system (Bell et al. 357 1999 ). An exact theory of the usefulness of this plasticity cannot be specified at present, 358 but future studies of auditory processing above brain stem level have to take the non-359 auditory context into account. increased the tone evoked firing rate of a tonic neuron by 41.9% and 108.1% respectively 406 (upper traces); compare the black control PSTHs with the red with-shock PSTHs. Small 407 or no differences occurred in the spontaneous rates ("spont"). To quantify the 408 significance of rate changes, the rate differences (with-shock minus no-shock) are plotted 409 below (lower green traces, smoothed with 5-bin triangular filter) together with horizontal 410 lines showing ±1 SD of the spontaneous rate from the PSTHs. In A, this SD is too small 411 to see on this scale. Significant rate changes are present where the rate differences are 412 outside the ± 1SD area. Note that large rate differences persist for the duration of the 413 stimulus. B. The same for a pauser neuron in which DCoN stimulation also increased the 414 tone evoked firing rate, by 125% and 146.5% respectively. Also note the increase in the 415 onset peak at dt = 20 ms. Again, no change occurred in the spontaneous rate. C. A pauser 416 response in which the long-term effect was a decrease in discharge rate. For this case, the 417 shock and no-shock trials were interleaved on alternating trials, as opposed to A and B 418
where they were interleaved with other stimuli in 100-repetition sets. PSTHs (except rate 419 differences) were not smoothed. 420 stimuli of a stimulus block, for the control (black, no shock) and with-shock (red) stimuli 425 at two values of dt. Rates are normalized by the average rate during the control stimuli 426 (horizontal line). Same data as Fig. 3A . B. The same plot for a similar neuron in which all 427 rates are normalized by the average rate during the last 50 presentations. The yellow line 428 is the average of all the other plots. The rate transients at the start of these stimulus blocks 429 are identical for shock and no-shock cases and presumably are rate adaptation. Despite 430 the adaptation, no trend in rate differences is seen in these data. C, D. The same plot for 431 25 cases in 3 neurons with the largest rate increases (C) and 13 cases in 2 neurons with 432 the largest rate decreases (D). No trend in rate differences are seen across these neurons. 
